Objective: To quantify the number of follicles in patients with ovarian pathologies, benign and malignant, in pregnant and nonpregnant states and to determine how the presence of ovarian masses and BRCA status affects follicular counts. Materials and Methods: Slides from 134 reproductive-aged women undergoing oophorectomy were examined using light microscopy by 3 independent counters blinded to the diagnosis. In all, 20 patients had cancer, 69 had benign conditions, and 35 patients were BRCAþ or had a strong family history of breast and/or ovarian cancer. In all, 10 women were either pregnant or immediately postpartum. Results: Patients undergoing risk-reducing surgery had significantly decreased follicle count compared to physiologic control. Patients with cancer had significantly decreased counts compared to all other groups. There were no differences within the benign cohort. Conclusions: When compared to benign masses, the cortex surrounding an ovarian malignancy has decreased follicle density. The stretch impact may minimize any impact on total follicle numbers. Furthermore, there may be a proliferation of ovarian stroma, with the same number of follicles spread over a larger surface area. This information is important when counseling women with ovarian masses regarding the use of ovarian tissue cryopreservation.
Introduction
Advances in the diagnosis and treatment of childhood, adolescent, and adult cancers have greatly increased the life expectancy of women diagnosed with cancer. Unfortunately, these therapies have simultaneously contributed to a growing population of women with premature ovarian insufficiency. [1] [2] [3] Aggressive chemotherapy, radiotherapy, and bone marrow transplantations effectively battle cancers but cause damage to the ovary, accelerating the normal age-related oocyte depletion and leading to infertility and early menopause. 4 Several options have been used to preserve fertility in patients with cancer including embryo cryopreservation, oocyte cryopreservation, treatment with a gonadotropin analog, and ovarian tissue cryopreservation (OTC). [4] [5] [6] The most suitable strategy for preserving fertility depends on various parameters including the type of cancer, the chemotherapeutic strategy, the patient's age, and the partner status. 1, 4, [6] [7] [8] [9] According to the American Society for Reproductive Medicine, the only established method for fertility preservation is embryo cryopreservation. 10 However, cryopreservation of ovarian tissue is emerging as a promising alternative to ovarian hyperstimulation, especially in patients with prepubertal cancer, for whom ovarian hyperstimulation with subsequent oocyte or embryo cryopreservation is contraindicated, or where the time necessary to undergo ovarian stimulation is not feasible. 4, 11 The advantages of using cryopreserved ovarian tissue include the possibility of future transplantation to temporarily restore hormonal function and fertility. 4, [12] [13] [14] [15] [16] However, tissue transplantation in patients with certain types of malignancies carries a theoretical risk of reintroducing cancerous cells. [17] [18] [19] [20] [21] [22] [23] [24] [25] To avoid this risk, ongoing research is focused on isolating follicles from cryopreserved tissues to be grown using in vitro culture systems. 26, 27 In order to obtain the tissue for cryopreservation, a partial or total oophorectomy is required. It is currently unclear whether ovarian lesions, either benign or malignant, can adversely affect the surrounding cortex and follicles within this cortex, thus limiting the likelihood that this tissue could be used for further fertility preservation strategies. [28] [29] [30] Preliminary studies have suggested that there is normal cortex surrounding most benign ovarian cysts. 28 It has also been suggested that BRCA mutations may be associated with occult primary ovarian insufficiency. 31 When counseling patients interested in OTC, it is important to have information about the likelihood that tissue obtained will contain follicles. However, the density of follicles in such regions could be simply reduced by the stretching and thinning of cortex over any cystic area, even around an enlarging follicle.
Although the size of the follicular pool has not been widely studied, cryopreservation and reimplantation of ovarian tissue from these patients is not likely to be feasible because of the risk of residual malignant cells in the tissue. However, screening of the tissue for malignant cells may also be an option for enhancing the safety of ovarian tissue transplantation. 23, 32, 33 The ability to histologically assess the ovarian cortex relies on quantifying follicles at various states of folliculogenesis. Most believe that women are born with their complete oocyte pool, [34] [35] [36] although some have suggested that the ovarian pool is renewable. 37, 38 The ovarian pool is made up of several classes of follicles ( Figure 1 ). Primordial follicles, which make up the majority of the ovarian follicular pool, contain oocytes arrested in meiotic prophase I, which remain inactive until recruited for follicle maturation. 39, 40 When examined microscopically, these follicles contain a single layer of squamous, or flattened, granulosa cells. The granulosa cells of these primordial follicles change from a flat to a cuboidal structure, marking the beginning of the primary follicle. Primary follicles develop receptors to follicle-stimulating hormone at this time but are still gonadotropin independent. The next stage of follicle development, secondary follicles, contain hormoneproducing theca cells as well as multiple layers of granulosa cells. The formation of a fluid-filled cavity adjacent to the oocyte called the antrum designates the follicle as an antral follicle. Further development after the antral state is dependent on gonadotropins. 41, 42 The duration required for transition from primordial to primary follicle stage is unknown. 42 Greater than 120 days are required for the primary follicles to reach the secondary follicle stage, and 71 days are needed to grow from the secondary to the early antral follicle stage. 42 However, ovary transplantation studies suggest that only 140 days are required for resting follicles to reach the ovulatory stage. 11-16 Figure 1 . Histologic examples of follicle classes. A, Example of a primordial follicle (arrow) is shown with surrounding columnar epithelium seen, magnification Â40. B, An example of a primary follicle is shown (arrow) with cuboidal epithelium evident, magnification Â20. C, On the left, a primary follicle is shown and on the right a multilayer secondary (arrow), magnification Â20. D, An antral follicle with an oocyte is shown, magnification Â10.
At our institution, women undergoing oophorectomy for either a cancerous or a benign ovarian lesion are candidates for OTC. 4 Prior to cryopreservation of tissue, there is an attempt to isolate follicles to preserve separately. Our anecdotal evidence suggested that certain ovarian masses had limited healthy cortical tissue available for OTC, and thus few follicles were isolated. This finding suggested that there may be a mass-driven effect on follicle numbers extending beyond the ovarian lesion. A better understanding of the likelihood of finding follicles and cryopreserving healthy ovarian tissue is critical for counseling women with ovarian masses regarding the use of OTC. Thus, we sought to quantify the number of follicles in patients with various ovarian pathologies, both benign and malignant, in pregnant and nonpregnant states to determine how the presence of various ovarian masses and BRCA status affects the follicular reserve.
Materials and Methods

Patients
Premenopausal patients who had undergone oophorectomy, aged 18 to 51 from 1996 to 2010, for any indication were identified, and their pathologic slides were initially screened by a single surgical pathologist. Slides of the ovary were identified and examined by 3 authors independently. The study was approved by the Northwestern Institutional Review Board for Human Research.
Follicle Counting and Analysis
All slides were examined by light microscopy by 3 independent counters who were blinded to the pathologic diagnosis. Primordial and primary follicles were examined under a 20Â, objective while secondary and antral follicles were examined under a 10Â objective. Follicles were classified as primordial, primary, secondary, or antral as defined by Gougeon. 29, 43 Follicles were classified as primordial when they contained a single layer of squamous granulosa cells, primary when they contained a single layer of cuboidal granulosa cells, secondary when multiple granulosa cell layers were seen, or antral when follicles with multiple granulosa cell layers and a distinct antrum were seen ( Figure 1 ). Follicles were classified as unhealthy and excluded from follicular counts if they had abnormally shaped oocytes or disrupted granulosa cells. The total number of follicles per patient was divided by the number of slides obtained for that patient to determine the ovarian follicular density. The follicular density was then log transformed, because previous studies suggest that the decline in the follicular pool with age is exponential. 35, 36 This also allowed for better analysis of quantifiable changes in relation to age for each of the ovarian malignancies.
Clinical Data
The pathology reports of all patients included in this study were reviewed. In addition, history and physical and operative reports were reviewed when available. Extracted data included preoperative diagnosis, medical and surgical history, family history, and procedure performed. We were also able to extract whether the women were pregnant at the time of oophorectomy, and when during their pregnancy, the oophorectomy was performed. Information regarding the use of hormonal therapy and phase of the menstrual cycle were not available. All patients with malignant lesions had oophorectomy prior to initiating any treatments.
Statistics
Follicle density data were analyzed by descriptive statistical analysis. Log transformation was then performed, as the data were not normally distributed. Subsequently, analysis of variance with post hoc tests was done to control for multiple comparisons. Correlation between the follicular pool size and the age was performed by linear regression analysis. Statistical significance was defined as P <.05. All statistical analyses were performed using GraphPad Prism 4 (GraphPad Software Inc, San Diego, California).
Results
A total of 186 patients with available archived ovarian specimens were identified. Of these, we analyzed 134 patients based on the availability of clinical data. Of the patients studied, 28 had benign physiological findings (ie, follicular cysts, hemorrhagic cysts, and/or corpus luteum; x ¼ 36:5y AE 3:4), 20 had cancer involving the ovary (n ¼ 11 cancers involving the ovary ðx ¼ 34:1y AE 5:1Þ, n ¼ 9 borderline ovarian cancers ðx ¼ 38:8y AE 1:6Þ, 18 patients had histologically confirmed endometriosis ðx ¼ 37:7y AE 4:3Þ, 12 patients had mature cystic teratomas ðx ¼ 35:8y AE 7:3Þ, and 11 patients had cystadenomas ðx ¼ 35:4y AE 6:3Þ. None of the patients with cancer involving the ovary had been exposed to potentially gonadotoxic therapies. In addition, there were 35 patients who were undergoing risk-reducing surgery, either because they were found to be BRCAþ (n ¼ 15) or because of a strong family history of breast or ovarian cancer ðx ¼ 37:3y AE 3:5Þ. Within this cohort, only 15 patients were tested for BRCA. None of the patients included were tested and found to be BRCA negative. Occult ovarian cancer was found in 4 of these patients. We also identified 10 women with ovarian masses who were either pregnant or within 6 weeks of delivery (Tables 1 and 2) .
Women with physiologic findings were undergoing hysterectomy with bilateral oophorectomy. Most of these women were having surgery because of symptomatic leiomyomata. The second most common reason was chronic pelvic pain without histologic evidence of endometriosis. Patients included in the category of physiological findings were deemed controls, because their ovaries were devoid of benign and malignant lesions. Of the women with cancer involving the ovary, 9 were found to have a borderline malignancy and 10 had invasive disease. Of the women undergoing oophorectomy in the setting of pregnancy, 4 were within their first trimester and 6 were done at the time of delivery (!34 weeks of pregnancy).
There was no statistical difference in age between women studied ( Table 1 ). The distribution of follicle classes between the various histologies was also examined. The overall distribution was found to be similar between the various histologies, with the primordial follicle class comprising the greatest percentage, as expected ( Figure 2 ). We were able to find follicles of all classes in the various histologies.
We then examined follicles/section in benign and cancerous histologies. We were able to identify follicles in all stages in most, but not all, ovarian cancer lesions. We found that patients with cancer had significantly fewer total follicles per section with significantly decreased follicle density at all stages compared to the physiologic findings controls (Figure 3 ). Patients undergoing risk-reducing surgery because of BRCAþ status or a strong family history of breast or ovarian cancer had statistically fewer follicles per section compared to those with physiologic findings. This is consistent with the finding that patients with the BRCA mutation may have decreased ovarian reserve.
We then examined benign ovarian histologies and ovaries removed in the setting of pregnancy. We were able to identify follicles of all stages in each of the benign histologies as well in the ovaries removed during pregnancy. We found that women with endometriosis involving the ovary had the highest number of follicles per section while women with cystadenomas had the fewest follicles per section. Although a trend was seen with decreased number of follicles compared to normal ovaries, this did not reach statistical significance (Figure 4 ). With benign ovarian lesions, there may be a proliferation of ovarian stroma, with the same number of follicles spread over a larger surface area.
Discussion
In this study, we found that the cortex surrounding benign ovarian lesions contained follicles at all stages of development, as did borderline ovarian tumors, although to a lesser extent. However, tissue from ovaries with ovarian cancers did not contain many follicles, suggesting that this tissue may be unsuitable for follicle isolation and in vitro follicle maturation. Yet, with benign lesions, there may be a proliferation of ovarian stroma, with the same number of follicles spread over a larger surface area.
There is a well-established, age-dependent depletion of ovarian follicles that occurs over a woman's reproductive years. 36, [44] [45] [46] [47] The patients in our study were in their later reproductive years which may have negatively impacted their overall follicle counts. [43] [44] [45] [46] [47] But, the ages were similar among women of various pathologies and thus controlled for in comparisons between pathologies. Furthermore, woman diagnosed with epithelial ovarian cancer tend to be diagnosed following reproductive time with average age of diagnosis being 53 years. 48 Therefore, having an older reproductive cohort is of value for accurate patient counseling when dealing with ovarian malignancies. An extension of this work in younger patients would further enhance our ability to individualize counseling regarding in vitro follicle maturation.
Interestingly, consistent with the observations from Oktay et al, patients with the BRCA mutation or with a strong family history of breast and/or ovarian cancer had a lower total follicle count when compared to normal controls. 31 This finding suggests that patients with the BRCA mutation may, indeed, be at risk of occult ovarian insufficiency. This finding may be biologically plausible, given the suggestion that BRCA genes may be involved in the repair and maintenance of chromosome telomere integrity, which is important during reproduction. [49] [50] [51] [52] [53] Telomeres are DNA repeats at the end of chromosomes which protect the chromosome ends from degradation and fusion. 54 The presence of short telomeres can result in programmed cell death (apoptosis)through telomere shortening, spindle disruption, or decreased formation of chiasmata during meiosis. Telomeres, which shorten during DNA replication, have been implicated as one of the determinants of a person's reproductive lifespan. In addition to telomere length, factors affecting cell cycle and division and DNA repair may also affect reproductive lifespan. 54 Given the range of functions of the BRCA proteins, it is reasonable to believe that defects in these genes may affect reproduction.
When large benign ovarian cysts are encountered, many gynecologists are tempted to remove the entire ovary, with the idea that there is little remaining normal ovarian cortex. The ovarian cortex surrounding a cyst may appear thin and stretched, and there is concern about whether these structural changes could lead to histologic irregularities and impaired function. The current study has found, however, that most benign ovarian lesions will have at least some normal cortex which is consistent with the findings of other investigators. [28] [29] [30] Even when the ovarian cortex is thin and stretched by the growth of a benign tumor, there still appear to be follicles in all functional classes (Figure 2) . Thus, whenever possible, conservative ovarian cystectomy should be the surgery of choice in women desiring future fertility. However, in cases where this cannot be safely accomplished, patients can be counseled to consider OTC. This study found that follicular densities in women with endometriosis were similar to the densities found in other benign lesions. Other studies have suggested that ovaries from women affected with endometriosis may have a lower density. 28, 29 The study by Maneschi et al examined functional morphologic features of the ovarian cortex surrounding mature teratomas, benign cystadenomas, and endometriomas. This study found that follicular maturation to the antral stage was seen much more frequently in the cortical tissue surrounding mature teratomas and cystadenomas than in surrounding endometriomas (19%). They found a reduction in the overall number of follicles, aberrant vascularity, and alterations in the cortical stroma, including fibrosis. This group concluded that endometriomas may greatly affect the morphology of the ovarian cortex, and that this, in turn, could alter its functional potential. 28 Another study by Schubert et al also found that follicular densities in the ovarian cortex surrounding ovaries affected by endometriosis were also lower than follicular densities of other benign lesions. This same trend was noted after cryopreserving and thawing the tissues. 29 The findings from our study may differ, because we included all women with histologic evidence of endometriosis and did not limit analysis to those women who had ovarian endometriomas. In our study, the precise mechanism by which endometriosis may negatively impact follicular density is not well established and substantiated. Therefore, although the presence of an endometrioma may decrease follicular densities, the diagnosis of endometriosis on its own should not be a contraindication to performing OTC. 2 . Ditrubution of follicle classes. The distribution of follicle classes is shown here. As evident, the overall distribution is similar between the various histologies, with the primordial follicle class comprising the greatest percentage, as expected. There was a trend in the secondary and antral follicle counts, with greater numbers seen in physiologic versus other lesions. Figure 3 . Follicle density by diagnosis: comparing cancerous and precancerous lesions. Patients with a cancerous ovarian lesion, either a borderline or an ovarian cancer, had significantly fewer total follicles per section with significantly decreased follicle density at all stages compared to controls with physiologic findings (*). Patients undergoing risk-reducing oophorectomy had statistically fewer follicles per section compared to those with physiologic findings (**). This is consistent with the finding that patients with the BRCA mutation may have decreased ovarian reserve. In addition, ovarian cancer and borderline lesions had significantly fewer follicles compared to women undergoing risk-reducing surgery (**).
Few studies have examined the effects of ovarian cancer on the follicular pool. We found cancerous ovarian lesions to have significantly decreased follicle densities when compared to controls with physiological findings. The low number of follicles in these patients is consistent with the results from Abir et al, in which the ovaries of one 8-year-old patient with ovarian cancer was almost completely depleted of follicles. 55 Because of the low follicular reserve in patients with ovarian cancer and the potential for residual malignant cells in the tissue, reimplantation of ovarian tissue from patients with ovarian cancer is generally not recommended. This is the first study to examine these many different types of ovarian lesions. Relatively few other studies have been performed examining ovarian cortical tissue surrounding ovarian masses. The major strength of this study is in the large numbers of pathologic specimens inspected, and the fact that both benign and malignant conditions were examined. In addition, the slides were independently counted by 3 people who were blinded to the diagnosis, lessening the chance of bias. There were also a relatively large number of ovarian specimens without lesions that were examined for which comparisons could be made. Weaknesses of this study includes its retrospective design and the fact that the entire ovary was not sectioned and examined. The inspected slides were reflective of what the pathologist felt was important for diagnosis and may represent more of the cortex surrounding the lesion. Furthermore, lesions that required more sections had more slides available for counting, such as the ovarian cancers. This is an inevitable bias of retrospectively using ovarian tissue. However, we consistently observed that the cortex surrounding ovarian cancer lesions had far fewer follicles than the cortex surrounding benign lesions. This was true despite the fact that more slides were examined for patients with malignancy. Additionally, the primordial follicle class was similar throughout the various lesions. This served as a positive control and leads us to believe that we examined a representative portion of each ovary; our findings are consistent with those of other studies. [44] [45] [46] [47] In addition, the study by Schubert et al suggested that there was no correlation between the size of the cyst and the follicular density observed, leading us to believe that even if more of the ovarian mass was examined, the follicle count would still not differ. 29 Additionally, to examine the entire human ovary from all these patients would be cost prohibitive.
It is not clear how the ovarian environment influences the persistence of the primordial follicle pool, but we suspect that the relatively lower follicle counts seen around malignant lesions may be caused by elevated cytokines or other structural changes within the physical environment, including the neovascularization and rerouting of tumor vasculature that is seen in neoplasms, alterations in the rigidity of the tissue and/or changes in physical pressure caused by the expanding neoplasm are all possible mechanisms. 56, 57 With benign ovarian lesions, there may be a proliferation of ovarian stroma, with the same number of follicles spread over a larger surface area. Future studies would explore each of these options. In addition, serum antimullerian hormone (AMH) levels, a sensitive marker of ovarian reserve, may assist in understanding whether lesions are causing an increase in follicular cell death or an alteration in ovarian volume resulting in decreased follicle density. We speculate that a lower AMH level would be seen if ovarian lesions are causing cell death. If this is true, simply collecting more ovarian cortex would not increase the likelihood of preserving follicles. If, however, serum AMH levels are found to be normal, collecting more tissue could increase the chance of preserving follicles. Moreover, prospective studies are planned in order to rigorously determine what impact gynecologic cancers and benign masses have on the ovary itself and serum AMH levels in order to better enable patient care. Finally, it is unknown what lasting impact a lesion, either benign or malignant, would have on a follicle obtained from the surrounding tissue. Furthermore, these lesions could impact the follicle growth characteristics or egg parameters of these follicles even in the in vitro follicle growth environment.
Clinically, this study has shown that women with benign ovarian lesions should undergo conservative surgery whenever possible, because although there is a reduction in follicle number in these patients, a significant number of follicles still exist. When an oophorectomy is done for benign lesions, these patients may be counseled about the option of OTC. 20, 58, 59 When retransplantation is not an option because of residual disease, primary follicles may be matured in an in vitro system in the future. 59, 60 However, patients diagnosed with either a borderline or an invasive ovarian cancer may not be ideal Women with endometriosis involving the ovary had the highest number of follicles per section while women with cystadenomas had the fewest follicles per section. There was a trend seen in patients with benign lesions having decreased follicular density, but this did not reach statistical significance. With benign ovarian lesions, there may be a proliferation of ovarian stroma, with the same number of follicles spread over a larger surface area.
candidates for either procedure given the overall low number of follicles seen. It appears that ovarian cancers do significantly reduce the numbers of follicles present in the ovarian cortex. Interestingly, patients with a BRCA mutation or a strong family history of breast and ovarian cancer may have reduced follicular pools compared to normal controls. Future prospective studies need to be done to verify these results as well as to examine serum markers of ovarian reserve in these patients.
